Abstract Migrations to the new world brought together individuals from Europe, Africa and the Americans.
Introduction
New world admixed populations provide unique opportunities for genetic admixture mapping studies Weiss 1986, 1988; Hoggart et al. 2004; McKeigue 1998; Patterson et al. 2004; Risch 1992; Smith et al. 2001 Smith et al. , 2004 Stephens et al. 1994; Zhu et al. 2004 ). Although admixture mapping, which focuses on the genome-wide distribution of ancestry, has primarily been applied to map disease genes (Collins-Schramm et al. 2002; Fernandez et al. 2003; Reich et al. 2005 Reich et al. , 2007 Shriver et al. 2003; Zhu et al. 2005) , similar principles can be applied to questions of population history and natural selection (Long 1991; Reed 1969; Tang et al. 2006) . The recent history of Latin America, starting five centuries ago with the arrival of Christopher Columbus, has been one of large scale and widespread exchange between African, Native American and European genomes. The various Latino populations of the United States represent admixtures of European, African and Native American ancestral genomes in different proportions with considerable spatial variation depending primarily on their country of origin (Hanis et al. 1991) .
While almost all molecular DNA sequence variations are selectively neutral or ''near neutral'', and although the processes of mutation and random genetic drift are sufficient to maintain variation within species, the neutral theory does not deny the possibility of natural selection in determining the course of adaptive evolution at specific loci. Populations separated by continental distances, whose genetic makeup was shaped through thousands of generations in distinct environments, were suddenly exposed to an entirely new world and unfamiliar environment. This introduction to a drastically different environment, composed of distinct pathogens as well as diverse cultural and social influences, may have provided opportunities for the admixed genomes to rapidly adapt and adjust.
In a previous report (Tang et al. 2006) , we described the three distributions of individual ancestry (African, European, Native American) estimated from the combined information of 284 microsatellite loci in a sample of selfidentified Hispanic (Mexican-American) subjects chosen from the multi-ethnic Family Blood Pressure Program (FBPP) (FBPP Investigators 2002) . In the current study, we estimated the African, European and Native American individual ancestry proportions at each of the 284 marker loci in 392 unrelated subjects from this same population. This sample provides a unique opportunity to examine whether natural selection may have operated on specific regions of the genome in the history of this population.
Materials and methods

Subjects
The FBPP is a collaborative effort of four research networks (GenNet, GENOA, HyperGEN, and SAPPHIRe) that aims to investigate high blood pressure and related conditions in multiple racial/ethnic groups (FBPP Investigators 2002) . In total, DNA samples from 10,527 participants were genotyped at 326 autosomal genome screen microsatellite markers by the NHLBI-sponsored Mammalian Genotyping Service (Marshfield, WI) (screening set 8) and had sufficient marker data for analysis (i.e., at most 40 missing genotypes).
All individuals included in this study were self-described Hispanics (Mexican-Americans) from the GENOA network, recruited from the Starr County, Texas field center (Daniels et al. 2004 ).
The FBPP began as a linkage-based study, and as such, individuals were typically recruited as members of nuclear families. The Starr County sample included 392 families, from which we randomly selected one individual per family. Although this was a study of hypertension, the subjects from the Starr County field center were not recruited based on the presence of hypertension; hence, the included subjects represent a random sample in this regard.
Data analysis
For the admixture analysis of the 392 Mexican-Americans, we assumed a three-ancestral populations model. Because this analysis requires the addition of surrogates for the ancestral population, we also included 1,378 unrelated nonHispanic US white participants from the FBPP as well as 127 African and 50 Native American individuals from the Human Genome Diversity Project (HGDP) (Rosenberg et al. 2002) . For the latter two sets of individuals, genotypes at more than 300 STRs were available, and we included the genotypes of 284 markers, which overlapped with the markers genotyped in the FBPP individuals. The Africans were from six sub-Saharan populations, mostly west and central African (Yoruba, Mandenka, Bantu, San, Biaka, Mbuti). The Native Americans were from two indigenous populations of North America (Pima, Maya).
We used the computer program STRUCTURE (Falush et al. 2003; Pritchard et al. 2000) to estimate the genomewide, as well as the locus-specific ancestries in the Mexican-American subjects. The linkage model was used with genetic distances between markers specified according to the Marshfield linkage map. In each analysis, the Markov Chain Monte Carlo (MCMC) algorithm was run for 100,000 steps of burn-in, followed by another 100,000 steps.
We computed the ''D ancestry'', deficiency or excess, at each locus using the estimated genome-wide individual ancestry (IA) as baseline. Specifically the D ancestry for ancestral population k at marker m is defined as
where q k i,m is the locus-specific ancestry of individual i at marker m, estimated from STRUCTURE; " q i k is the overall IA of individual i,q m k is the mean ancestry at marker m averaged over all individuals and " q k is the proportion from ancestral population k, averaged over all individuals and the entire genome.
For the purpose of assessing statistical significance, we calculated Z scores by taking d k m and dividing by its empirical standard deviation, derived from the distribution of d k i,m values among the i individuals.
Statistical significance
In assessing the locus-to-locus variation in ancestry, it is important to consider not only the statistical error of ancestry estimation, but also the fact that genetic drift occurring over the generations since the original hybrid population was formed will also cause variation between loci (Long 1991; Tang et al. 2006) . To evaluate the impact of drift, one can conceptualize the ancestral origin as a defining characteristic of an allele at a specific locus. The proportion of ancestry from a given population is then equivalent to the frequency of the allele identified with that population. For example, for a dihybrid population with African and European ancestry, if we denote African derived alleles as A and European derived alleles by E, then the proportion of African ancestry at that locus in the hybrid population is equivalent to the frequency of allele A.
We can therefore look at the admixture proportion at different independent loci in the genome as analogous to realizations from the probability distribution function of the allele frequency under random genetic drift. Therefore, we modeled admixture in our study directly using Kimura's solution of a process of random genetic drift with a continuous model (Crow and Kimura 1970; Kimura 1955) .
For the purpose of tractability, we assumed a di-hybrid rather than tri-hybrid model for this population. The justification of using a di-hybrid model in this case is the very modest locus wise African ancestry (overall *4%) and its lack of correlation with the European and Native American ancestries (correlation = 0.02). Conversely, as expected, the European and the Native American ancestries are almost perfectly negatively correlated (correlation = -0.973). Therefore, while studying the European (or Native American) admixture proportions we can reasonably neglect the African ancestry, and when we study the African Ancestry we can hypothetically combine the European and Native Americans as one population. In this case, the introduction of a tri-hybrid model unnecessarily complicates the computations without any difference in inference (data not shown).
Kimura has formally shown that the probability distribution of the allele frequency p t , after t generations, depends upon the initial allele frequency, the effective population size and the number of generations through a complex function. He also derived exact expressions of moments of the distribution (Kimura 1955 ). If we assume that we start from a population with allele frequency p (in our case corresponding to an initial admixture proportion of p), and if we denote l k (t) as the kth order raw moment of the allele frequency distribution after t generations, then we have:
It is easily shown from the above equations that the distribution of p t is positively (negatively) skewed if p is less (greater) than . This again is intuitive as there is more room on the positive (right hand) side of the distribution from which to draw realizations of p t when p is less that 0.5, and vice versa. It is also apparent that both the variance and skewness increase as the number of generations increases, depending on population size. For realistic number of generations t and population size and ancestral proportion p, we used these distributions to determine the likelihood of extreme points in our observed distributions.
To evaluate statistical significance in the face of estimation error of locus-specific ancestry, as well as the large number of locations tested, we performed a bootstrap resampling analysis (Efron and Tibshirani 1993) . Specifically, we generated a bootstrap sample (by resampling individuals with replacement) of size 392. For each bootstrap sample, after leaving out the putative significant marker sites GGAA20G10 and GATA62F03, we computed the African ancestry for the remaining 282 sites. We did a similar analysis for European ancestry, this time leaving out the putative significant sites GATA72H07 and GATA129H04. This procedure was repeated 2,000 times. By doing so, we created null distributions pertaining to both African and European ancestry at all other microsatellite loci, giving rise to 282 9 2,000 = 564,000 observations for each ancestry. We then compared the observed African and European ancestry deviations at the sites of interest to the bootstrapped null distributions to assess statistical significance.
Results Figure 1 provides the estimated African, European and Native American ancestry at each marker locus around the genome for the total sample of 392 Mexican Americans. As can be seen, the African ancestry is generally low, with a mean of 0.042, and also very modest variance among loci. On the other hand, European ancestry and Native American ancestry are much greater on average (mean of 0.57 and 0.39, respectively) and with much greater variance. Careful examination of this figure also suggests a few potential Hum Genet (2008) 124:207-214 209 outlier points, specifically decreases on chromosomes 2 and 9 for African ancestry, and increased European ancestry on chromosome 1. To address the question of outlier points more directly, we plotted the distribution of Z scores for each of the three ancestries (Fig. 2) . This figure confirms our initial impression regarding the existence of outlier points. The most extreme point in the distribution for African ancestry is approximately 6 standard deviations below the mean; this point corresponds to a location on chromosome 2p25. The second most extreme point in this distribution is about 4.5 standard deviations below the mean, and corresponds to a location on chromosome 9p24. Studying the Z score distribution for European ancestry, the most extreme point is approximately 4.5 standard deviations above the mean, and corresponds to a locus on chromosome 1p33.
Because the mean of African ancestry for these data was 0.042, the expected distribution of locus-specific Deltaancestry, and therefore locus-specific Z scores, is rightskewed (see ''Methods''). However, our two most extreme outliers in this distribution were on the left side of the distribution, that is regions with relative deficiencies of African ancestry. Therefore, the most extreme points, with close to 6 and 4.5 standard deviations difference from the mean are unlikely to be due simply to chance.
The mean value for European ancestry for these data was 0.57, which is not very different from 0.5, implying that the genome-wide distribution for European (and Native American) ancestry should be reasonably symmetric, or slightly negatively (positively) skewed. As was true for the African ancestry, here too we find two extreme outlying points at the end of the distribution with the predicted shorter tail. These two loci are adjacent points on chromosome 1p33, the most extreme of which is close to 4.5 standard deviations from the mean.
We then tried to fit a 'null' distribution to theq m k to assess the significance of our findings. A normal distribution did not fit the data well (by a Shapiro-Wilks Test; P value \ 10 -8 ). However, when we trimmed the data by excluding the two most extreme points on either end of the distribution, a normal distribution now gave an acceptable fit (Shapiro-Wilks Test; P value [ 0.10). The poor and improved fit of a normal distribution to the original and trimmed data are given in the Q-Q plots in Fig. 3 .
We similarly attempted to fit a normal distribution to the values of ðq m European Þ: As before, a normal distribution did not fit the data well (Shapiro-Wilks Test; P value \ 10 -4 ). When we trimmed the data by excluding the two most extreme points on either end of the distribution, we obtained a good fit to a normal distribution (Shapiro-Wilks Test; P value [ 0.10). Again, this can be seen by the Q-Q distributions, which show a poor fit in the original distribution but a good fit in the trimmed distribution (Fig. 4) .
The removal of the outliers on either side affects the second and fourth order moments of the distribution ofq m : Thus the trimmed distributions have reduced mass in the tails and are also more kurtotic. The significance of our findings obtained by applying P values from Z scores using the untrimmed distribution will, therefore, be the most conservative, followed by the trimmed distribution, which itself is conservative because we are fitting a symmetric distribution instead of the expected skewed distribution (where the expected skewness is in the direction opposite to the outlier points). In Table 1 , we present the significance of the regions, which show reduced African ancestry and increased European ancestry, after Bonferroni correction for multiple testing. We computed the P values using the more conservative non-trimmed normal distribution and the trimmed normal distribution.
As another approach to assessing the statistical significance of our outlier points, we performed 2,000 bootstrap resamplings of the 392 individuals, and created null distributions of locus-specific ancestry for both African and European ancestry (see ''Methods''). The moments of the bootstrap distribution are tabulated in Table 2 . We compared the observed African and European ancestry at the sites of interest to the generated null distributions to assess significance. African ancestry values less than that observed at GGAA20G10 (0.02897) occurred only 523 times out of 564,000 (*0.093%); African ancestry values less than that observed at GATA62F03 (0.03237) occurred 3,525 times (*0.63%). Similarly, European ancestry in excess of that observed at GATA129H04 (0.6087) occurred only 1,862 times (*0.33%) and European ancestry in excess of that observed at GATA72H07 (0.6123) occurred only 949 times (*0.16%). Thus, bootstrap analysis confirmed the highly significant nature of our results on chromosomes 2 and 9 for African ancestry and chromosome 1 for European ancestry.
Examination of the Native American ancestry in Fig. 2 also shows a few points that appear to indicate an excess. These points are located on chromosome 1 (D1S235) and chromosome 16 (D16S2621). We considered these locations to be only of suggestive significance, since neither one stood up to formal statistical significance upon correction for multiple testing.
To assess whether our results might be a result of genotyping problems with the significant markers, we examined those markers for amount of missing data as well as Hardy-Weinberg equilibrium (HWE) in the underlying ancestral populations. All markers were found to be in HWE and missing fewer than 5% of genotypes.
Discussion
Admixture in the present day Mexican American population has occurred over the past 500 years, during the postColumbian era of the New World. As noted before (FBPP Investigators 2002) , this Latino population is composed primarily of European and Native American ancestry, with a modest amount of African ancestry. Our overall estimates of average Native American (39%), European (57%) and African (4%) ancestry in this population from Starr County, Texas are quite similar to what was observed for a sample of Mexicans from Mexico City by Wang et al. (2008) , with corresponding proportions of 40, 57 and 3%, respectively. However, it is also known that these ancestry proportions vary regionally within Mexico (Bonilla et al. 2005 In any event, the larger variance in the distribution of European and Native American ancestry is likely attributable to their initial higher proportion in the creation of this admixed population than to any large difference in the timing of admixture. One potential concern in our analysis is the limited number of individuals representing the African and Native American ancestral populations of the Mexicans in our study, especially compared to the whites. However, prior studies have shown that inclusion of admixed individuals in the allele frequency estimation process, as is done by the program STRUCTURE, leads to accurate ancestral allele frequencies, even if the number of ancestral surrogates is relatively small and possibly deviant from the actual ancestral allele frequencies .
Our evidence for loci likely to have undergone historical selection in this population derives from outlier analysis. We noted that a normal distribution actually fit the observed Z score distributions quite well, both for African and European ancestry, except for a few extreme outliers. In both cases, when we removed the two most extreme observations from either tail, a good fit to a normal distribution was obtained. The fact that the most extreme observations occurred in the tail predicted to have less skewness increases the likelihood that these regions had undergone historical selection. The significance of our results was also confirmed by bootstrap analysis of our entire sample. The microsatellite marker map we used was not extremely dense, although prior studies have shown that this microsatellite marker map was able to extract approximately 50% of regional information about ancestry in a sample of African Americans (Zhu et al. 2005) . The lack of density does not undermine the significance of our results on chromosomes 2, 9 and 1, but does have implications for the size of the identified regions, as well as the possibility that other regions of the genome may exist with altered ancestry distributions that we did not identify. Specifically, the three regions that we identified, on chromosome 2p25 and 9p24 (decreased African Ancestry) and 1p33 (excess European ancestry), are broad and could contain numerous potential targets of selection. It is possible that further analysis using SNP markers as well as a larger number of subjects could narrow these regions further.
We also sought to determine whether our results were in any way influenced by hypertension or diabetes, two of the most common disease outcomes in this population. In our sample, 207 individuals had hypertension and 268 individuals were diabetic. For the three genomic locations we identified, the local ancestry was no different for hypertensives and normotensives, nor for the diabetics and nondiabetics, indicating that the regions we identified are not specifically associated with these disease outcomes.
Our results are different from those presented by Tang et al. (2007) in a study of ancestral admixture in Puerto Ricans. Those authors found evidence for excess African ancestry on chromosome 6p and excess Native American ancestry on chromosomes 8q and 11q. Despite both being Latino populations, Mexicans and Puerto Ricans are actually quite distinct regarding their genetic as well a social and demographic histories. On average, Mexicans are primarily European and Native American in ancestry, with a modest African contribution (Tang et al. 2006 ); by contrast, Puerto Ricans have substantial African ancestry and more modest Native American ancestry (Tang et al. 2007) . It is intriguing to consider the possibility that different environmental exposures operated on these populations with distinct genetic admixtures to produce differing patterns of selection. Both populations were subjected to prevalent endemic infectious diseases in the years following the Spanish conquest, a time when selection may have operated in the formation of these new admixed populations.
It would be enlightening to study additional Latino populations, with different ancestral proportions, to determine the degree of overlap that may exist with the results obtained for these two populations. In particular, it would be valuable to study additional Mexican populations, to determine whether the ancestry deviations we found are common across Mexico, or whether more regional associations are found. These observations could provide evidence regarding the timing and location of potential selective agents.
